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ABSTRACT 

A qacmtitetive method Sias fcs®ra te'clopjtl for the analysis of 4- 
fsminnbipJteBy! {<a-A®l*> covalently tourai! as the stalfkiic arid ettitde to 
the 930 cysteine of toraa n hewtegioinji. The meshai uses aitd basic 
Wrolysts of tsaraglobiji to releese the u&reBfl amiae, derivafestk® t« 
Form the psBSsStuarop'opfonBmBie, and capillary gas ditomajagrepliy 
with detection by negative-ina chemical [natation nsass specttoBnetry. 
The method is precise sad gives reprcitaeiMe results wa BffllEiple bto-asl 
staples takers from iudinduaJs over <3 h. Application of this resfaei to 
blood samples from dgarette sGaokem ani Kertsauokers revealed consis¬ 
tently higher atMm levels h smokers. The mean valhie for sisioEtars was 
154 fig 4-ABP per g Hb compared to 28 pg/g Hb for r,oiisri!®beirs, witib 
no overiap of adduct levels between tltre two groups. StEtdies on quitting 
smokers revealed that atkSitcs lewis declined over a period of 5-8 weeks 
to uonsinffltier levels. The finding of 4-ABP cddtacts let all raanstuoliers 
was aet BHfiSclpEted hut is consisted itritli low-level Mbaqisttoiiis coatorml- 
natiOB of air. toad, or water, tn other animals sampled, rafs s&4 dugs hsd 
msssaraMe addesat levels, bat monkeys aaif fasls dkl piot. Tltr fcsnnjgllQMra 
redact of 4-ABP 5s tfh® product of a series of swEctSotta -betroeeiD the 
EtetaoproSetn and jV-bytSKssy-'f-AfSP, The formation of hyifirosylasnsates 
from carcinogenic aromatic amines and their subsequent reaefioei with 
tSNA are generally thought te be critical events in the insitlatian of bladder 
tutsit® - !. We suggest that the observed hastaglobits adaSnct levels fortEted 
by this proximate carciisogeo will reflect tire emteM to which these steps 
have eccmretS. This is She first rejwrt of 4-A8IP adducts bn hssMeo biosd. 


lOTSODUCTION 

A member of aromtic amines, including 4-AEP-' have been 
detected ire tobacco smoke (1). Since some of these amines are 
potest t human bladder carcinogens (e.g., 4-ABP and 2-jrBspta- 
thyEanameMt is 31 reasonable hypothesis that increased exposure 
to these amines is a factor in die observed increase iti the 
incidence of bladder cancer among cigarette smokers. Relative 
risks for bladder cancer in this group are generally in the range 
of 1.5 to 3.0 (2, 3), although other Studies have reported 
somewhat higher relative risks (4). A dose-resperase relationship 
is also seen between the number of cigarettes smoked and the 
observed relative risk for bladder cancer (3). 

fV-IfydroJsylation of the parest amine appears to be the 
critical step in the metabolic activation of these compounds to 
carcinogenic species f5). Transport of the Stydrosyiamine to the 
biadder is the mare stable fores of an fV-ghacurtraade, followed 
by hydrolysis rti the acidic ce virement of the human bladder, 
results tit the fonmaltom of electrophilic nitresiium ioas involved 
in critkci sisacrojnolecii'lar binding reactions (S, 1). A method 
of dosimetry which quantitates the in vivo reaction products of 
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the bydroxylamiite might therefore be useful in estimating the 
biologically effective dose of 4-amiitobiphettyL 
This paper describes a method of biological dosimetry for 4- 
AEP which is based on the formation of acid-labile sulphiti- 
amide adducts arising from the interaction of /V-hydroxy-4- 
amiDiobipbenyl with a single cysteine residue of hemoglobin. 
Previous work in a rat model (8) showed that the chemical and 
pharmacalogical properties of this adduct would allow it to be 
of potential use in estimating exposure to this carcinogen. The 
development of a highly sensitive GC-MS method for the 
quantification of this hemoglobin adduct has enabled measure¬ 
ment of erythrocyte doses at the levels necessary to observe 
exposure related to cigarette smoking. 

MATERIALS AND) METHODS 

Chemicals and Kcagcets. All aqueous solutions were prepared with 
distilled deionized water (Milli-Q water purification system). Keagent- 
grade toluene was extracted with an squat volume of 1.0 n MCI, followed 
by three extractions with water, Hexane (Baker Rcsi-Analyred grade) 
was redistilled twice and stored in KOW/ethanol-cIcaned glass-stop¬ 
pered bottles. TritmnhylamiM in hexane was prepared by adding I g 
reagent-grade trimethylatmne hydrochloride to 2 ml water, neutralmng 
with NaOH and extracting into 5 ml hexane. The internal standard, 
4'-F-ABP (Pfaltz and Bauer) was recrystallized from dichloromethane/ 
hexane and used to prepare a stack solution of 1C ng/mi in 0.1 n HCI. 
The stock solution was stored at 4"C and diluted to 100 ng/mi with 0.1 
n HO on each day of use. PFPA (Pierce or Supelco) was stored in air¬ 
tight vials and replaced periodically. AH other chemicals were reagent 
grade. 

AaHtlysis of Huiitaffl Samples. Ten-ml blood samples were 

obtained from human subjects classified according to smoking status 
[a smoker was classified as an individual currently smoking at teast one 
pack per day (range, 20-50 cigarettes/day), while nonsmokers were 
classified as individuals who have never smokedj. The blood was cen¬ 
trifuged at 3,000 x g to generate packed red blood cells. After removal 
of the serum, the RISC were washed three limes with 0.9% saline and 
lysed by the addition of 15 ml deionized water and 2 ml toluene and 
vigorous shaking. After approximately 30 min, the lysate was centri¬ 
fuged at 10,000 X g (10-20 min) to remove the cel) debris. The clear 
hemoglobin layer was transferred to dialysis tubing and dialyzed against 
two changes of distilled, deionized water at 4“C for 2 days, lire dialysate 
was added to weighed Corex tubes (50 ml, with Teflon-lined caps. No, 
£422.4) and reweighed to determine the approximate volume. The 
hemoglobin concentration of each sample was determined by Drabiin’s 
method (no. 525A; Sigma) and used to calculate the amount of hemo¬ 
globin in each sample. After spiking with J.OO ng 4'.F-ABF, the 
ciialysaie was made 0.1 m in NaOH and incubated for 3 h at room 
temperature. The hydrolysate was extracted with 15 ml hexane. The 
resulting emulsion was broken by freezing and then thawing the sam¬ 
ples. The extraction was then repeated with an additional 15 ml of 
hexane. The hexane extracts were combined, extracted with E© mi 1.0 
w HC1, and then discarded. After neutralization with NaOH. the 
aqueous phase was extracted twice with 15 ml hexane. The hexane 
extracts were combined and dried over anhydrous sodium sulfate and 
magnesium sulfate. Two pi of trimsthylaraine in hexane was added to 
the hexane extracts tn pear-shaped flasks, followed by 2 jil of PFPA. 
After BO min at room temperature, the hexane was concentrated to 
about 1 mj with a rotary evaporator. The hexane was then added to a 
'/ 2 -tiism vial and evaporated to dryness. The residue was redissolved in 
2£l pi of he;;acre for analyses, 
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Gas CT>r«taat».?r.r.!»lsj -Mass tfoscttowsctty, GC-MS was performed! 
on a Hewlett-Psck®r<3 5587 GC-MS ec,s ippod with a standard electron 
tOffl!2a«ioit/chemical ionisation source, ^utalyses were carried out using 
negative-ion cheHstcai ionization, vrit’a EaetbBiia as the reagent gas. For 
iTiusintuci sensitivity, the instrument was manually tuned each day 
using perfluorotributylamine. The souk* pressure and temperature 
■were typically 0.8 tosr and 150“C, respectively. The electron energy 
-railed from 60 to ISO eV and the emission current was 469-450 fiA. 
The gas chromatograph was interfaced to the mass spectrometer with 
an open-split capillary interface, with the interface, fojecisois port, and 
transfer lines kept at 24© to 2S0°C. This GC column was a 26 ra x 0.25 
mm f ,B. fused silica capillary coated with StipcScowax EO (film thieti- 
ness, 0.25 »m). The carrier gas was helium (ultrahigh purity grade), 
with a flow rate of approximately 2 uttl/rmn. Gas line purifiers (no. 
6405; Mathesan) were installed on both gas lines, four-yd injections 
were made in the splitless mod* (splitless valve open for 0.5 mint with 
et» initial oven temperature of SOX for I rain, followed by a temperature 
ramp to 240”C at 2£PC/mio and a 5-miat isothermal phase (243’C). 
The PFP derivatives of 4-AEP and d'-F-ABP eiuted (luring the iso¬ 
thermal phase. The following single ions were monitored with dwell 
times of 300 ms each; 255.2 for PFP-ABF and 313.2 for PFP-4'-F- 
ABP [corresponding to the respective (M-HF)" fragments]. Further 
characteristics of these compounds, under electron ionization and pos¬ 
itive chemical SotiizaEioit mass spectrometry, are discussed in greater 
detail elsewhere (5). 

Calculations. The integrated peak area of the 295.2 lost was divided 
by the peak area of she 313.2 son and then multiplied by the ratio of 
the molecular weights of the respective antsites (169/1S7) to determine 
the amount (in nanogrants) of 4-ABP si the sample. This value was 
divided by the grams of hemoglobin in the sample to calculate the 
adduct level expressed as naitograrms <3-A®P‘ yer gram hemoglobin. 

Source of Kumas Blood Samples. In precisions studies blood samples 
(2-1© ml each) were obtained ftora the Massachusetts Institute off 
Technology Medical SJepastnteBt after completion of standard clinical 
assays. These were combined to for® a single blood sample of about 
iGS nd. After stirring to achieve hossioseneisy, the blood was processed 
as described previously to isolate the washed KEC, These were again 
mixed to homogeneity and then atiqueted into sever, or eight samples 
of 5 ml each. 

Sacking Cessation Studies. Subjects who joined The Stop Smoking 
CSisiac, Disc. (Danvers, MA) were recruited to donate blood samples 
before acid al various time points after cessation of smoking. After 
completing questionnaires ait their smoking history and other personal 
characteristics, the subjects do rested 8©-tni blood Samples, Obtained by 
puncture of an arctecubital vein into evacuated containers coated with 
heparin or ED>TA. The five subjects iinduded four men (aged 23-78) 
and ons wonuan (age 36), with reported smoking frequencies of onse to 
two packs per day. Samples were collected from these live successful 
quitters at three time points up to 60 days following cessation of 
smoking. Serum cotimines were dons.' to verify that the subjects had 
indeed quit smoking during the course of the study. 

Stuofeittg sad Measisdttag Subjects., Samples were obtained front F. 
Perera, K. M. Santella, and P. Brenner of She Columbia University 
School of Public Health in & coded blind fashion (samples were labeled 
1086-1 to 1053-3 and the smoking status was not known to vs at the 
time of analysis). Each sample consisted of about 5 ml of washed E»BC 
from a total of 35 mi blood drawn in quantities of 7 mi into heparinized 
tubes. For sotae subjects, am additional 5 tn! of SEC were obtained 
from a second 3S-rtil blood sample dracm either 15 or 48 k after the 
initial sample. These samples are further described a:«l characterized 
elsewhere. 4 


KESULTS 

Our initial) worts oa deyelopfoj; a dosimeter for 4-ASP (3) 
-pveaEesi a stabile, covalemt addacit with hemoglobin which was 
fferraetS tn high yield, infonttaticto iat the literature (IS)) sug¬ 
gested tad this stMwct stray be a soiyhlner.'bjde foretied via 


5 F. P. Pesece, persostel eomsBusifestion. 


interaction wish a single cysteine residue 1533) of hemoglobin. 
We have crystallized human oxyhemoglobin after reaction with 
N-frydroxy-^-AHlP in vism and determined its structure to 4 A 
resolution by X-ray crystallography. 9 At ibis resolution, the 
exact nature of the chemical bond between tbs biphenyl residue 
and She protein is not discernible, but it is clear that the 933 
cysteine is the residue lo which the biphenyl ring system is 
attached. Using a rat model, the addticu was shown to possess 
lb® following characteristics which mate is suitable for use as 
a biological dosimeter: (a) The adduct is 'formed in a dose- 
depsnaeit maimer over she range tested (0.5-5030 pg/fcg) at 
the eHceptiomalSy high level of over 5% of an administered dose. 
Further tssipublisbed studies from our laboratory using d9-4- 
ASP have indicated that this dose-response relationship is 
unchanged at doses as low as Q.OOS yig/kg. (b) The adduct 
appears lo be stable in vivy, being removed at a rale similar to 
that of uasatMucted hemoglobin. (c) During chronic dosing, the 
adducts appear to accumulate over the lifetime of the erythro¬ 
cyte to a steady state adduct level, as predicted (II). (tf) TEie 
adduct can be broken down in vitro, by base- or acid-catalyzed 
hydrolysis, to the parent amine, thus simplifying its isolation 
from t3ie rest of the proteim molecule. 

Aaalytical Method, Qtt r initial efforts to develop methods for 
the analysis of 4-AEP-hejnoblogiit adducts utilized the standard 
HCl/acsicne method (12) for the isolation of giobir,. to that 
procedure. hemoglobin purified by dialysis ss added to an acidic 
solution of acetone. The globin precipitates, leaving the heme 
in solution. Free 4-ABP is also present in the acidic acetone 
solution, dee to hydrolysis of the suipbinantide adducts. Evap¬ 
oration of the acetone precipitates the lie me, which is removed 
by filtration. Further purification by CIS chromatography pro¬ 
duces a buffer/methaaol solution containing the amine, which 
is quantified by reversed-pSiase high-performance liquid chro¬ 
matography. This technique was uot sufficiently sensitive to 
Measure adduct levels at the submanograrat level expected to be 
found in human bicod samples, 

Reports in the literature indicated that capillary gas chro- 
nratography with electron capture detection could analyze 
amines h. the rjsaogram to picogram range after derivaiization 
with penfeJlcorokaiEoyi chloride (13), pentafluoropropiomic 
anhydride, or beptafiuorobutyric anhydride (14). Based on this 
background inforaiatLon, a method was developed which con¬ 
sisted of extracting the anting from the bufFer/wietSiasnol solu¬ 
tion into hexane, derivatszatioa with psnsailuorcbenzoyl chlo¬ 
ride, clean-up by silica gel chromatography, amd quantification 
by GC using eiectrost capture detection. The above method was 
not suitabis for adduct levels below a microgram due to a high 
background of electron capSure-sensstive compounds in the 
solvents and other equipment. In some plastic materials (filter 
holders and air filters), trace amounts off 4-ASP were detected. 

Am alternative basic hydrolysis procedure was found to bs 
more suitable for trace analysis siiace only glass grid teflon 
tuiateriais are used and only two solvents {hexane end water) 
seeded to be purified. Hb the nsetiicd, illustrated in Fig. 1, the 
dialyzed hemoglobin is made 0.E m in NaOM for a 2-3-h 
issciihatiom period. The hydrolyzed ansicia is then extracted into 
hexame, derivatized with pesitaffluoroprcpioaic anhydride, and 
ilsea fEuairfilsed by gas chromatography. Electro® cepture detec¬ 
tion was initially used because of Us caonr.ous sensitivity, but 
was found to nmssess iasufTteieni selectwity. The chromato¬ 
grams from real sampies contained enough EC-sensitive mate- 

5 B. Ringe. R. J. Turesky, P. L. Skipper, and S. R, 'l unnenlianm, Siruclnrc of 
fl single stable liemoclo’oia adduct formed by ‘S-aminobiphenyi, unpuMislted 
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Fig. I- Method for analysis oi 4 -aminobipliensJ adducted to hemoglobin. 


rials to make adduct analysis bellow 100 pg/g hemoglobin 
uafeasibte. A chromatogram from a. human nosssraolser sample 
(panfified by GC-etoron capture detection was reported pre- 
vk>»sSy (8). 

The use of negative-tott chemical iositzatioa mass spectrom¬ 
etry, in the selected ion mode, provided bo tilt the sensitivity and 
selectivity needed for detection and naamtifficatsots of adduces at 
levels faand in human!) fciooa samples. At a minimum sigisciHc- 
ticise ratio of Iffl in the final chromatogram, the method is 
sensitive to levels below P.0 pg4-A!$IP/3G ml blood. The method 
I;££. been used to quantify adduct levels up to sfc orders of 
mtagmitade above this level {hQ/b of hemoglobin) and appears 
to be Smear in this range and beyond. As can te seen feotn the 
chromatograms in Fig. 2, the background noise produced by 
other compounds its £&® EiaaS hexas& sotetto® is minimal. 

Ac : decision of the assay has bie®m determined by analysis 
of "- iota of 1 OG-cnJ blood! samples. lo one studly, eight ctfhpisots 
-■■-'■ . -’"'zasf, yielding values of 47,49, §2, 52, 54, S3, (51, sad 
63 £-r (mean, 34; SH>, 5.5) sed in another stwSy, seven 

■ -'P'analj'*»d(valuesof 32:, 34,37, 3$,41,42, and 44 
pg/sii'o; , 3f ■ 3D, 43). 1st each case, one st an da r d devia- 
.jjtv- r.«s ' ■ - ; ro about 10% of the mean adduct level. Sources 
,o£ ini; -yeriatioa wwh) s^so feclwte errors ia the assay for 
■fw^OEco-Ijis coffiSest. 

y juultipte eariupMng of IS 



Time (min! 


Fig. 2 . ChromatOSraj>hic analysis of 4 -ABP. Th- upper trace was produced by 
monitoring at m/z 295 . 2 . The PFP-ABP eluted at 12.5 rain and is marked with 
an arrow. The peak al 12.7 min is a fragment ion of the internal standard. The 
totter trace (PFP- 4 '-F-ABP, internal standard) was produced by monitoring at 
m/z 313 . 2 . The sample was obtained from a smoker and contained 135 p« 4 - 
ASP/g Hb. Tha amount of < 3 -A 8 P injected was Id pg. 

Table 1 Bacltgror«7tl levels of tl-ABP-lteinoglobin adducts in 
various animal species 


Species 


Adduct level 
SfSW 


Hat iSpraguc-Bawley, Fisiter), 20 samples 500 - 3 SBO 

Dog (beagle), 3 samples ) 18-240 

Monkey (rhesus), 3 samples ND" 

Fish (flounder). 8 samples ND 


ND, none detected above the detection limit of 5-10 TH'/f; 53b. 

subjects a®d stibsetjaest analyses of sbe samples in site same or 
in different batches. Samples were obtained IS or 48 Jj apart. 
KSC from these samples were frozen and analyzed in three 
different batches over a 13-mo period. For Severn subjects, the 
duplicates were dome within oae batch atid for the rest the 
duplicates were atialyzed an different batches. These espesi- 
roeits were designed to dteterotime tike magnitude of intraiiadi- 
vidsial variatiom relative So interiadiviclual variasion. The cosf- 
riciems of variation due to sampling from the same indivitJuial 
at different times, 15-48 h later, was estimated to be 9%, 
meaning day-to-day btoJogica! variation in adduct levels was 
unmeasupsable sine®, as latdisated above, the within-batefe cocf- 
flctemt of vjariatkM (or precision) was 10%. 

Numerous studies were done to rale out the possibility of 4- 
A®P coFitamination of the various solvents (itertar.e, toluene, 
aeid water), reagents (PFPA, MgSO«, Na 3 S0 4 , heparan, and 
KDTA), and equipment used in the analysis- No such contam¬ 
ination has been detected at levels above the sMbpicograsm 
detection limit of the analysis. 1m addition, the absence of a 
detectable adduct level to fish aed iraonliey blood (Table 1) 
dinMMfies other possible sources of laboratory contaminatioiis 
which wsra mot tested. 

The preseace of a bacE^rotutd adduct level in other nantSossd 
anlraial spscSss, such as the rat £«d dog (Table 1), must its due 
to differences an esspasure to 4-AJ31P and/or the ability to form 
suipStiaBEaniEde addaicas with hemoglobin. The source of these 
exposures i& oot koowet, but presnsmably may toeluic water, air, 
or food. Analysis of the (Mfflfciag water ^vea rats, faffed to 
detect any 4-ABP contareiimatioB!, Attempts to analyse the air 
for 4-AiP' were BitsuEcessfol as eorarasrdally avssiaWs air 
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sampling cartridges contained trace amounts off 4-ABP. The 
most likely source of 4-ASP exposure so the rats remains the 
rat chow, where a contamination off about 50 ppt would be 
sufficient to account for the observed background adduct level. 

An additional problem of potential importance is that utiad- 
ducted 4-ABP Contained in a blood sample might fee quantified 
a$ adduct. In situations where the daily exposure to 4-ABP may 
change dramatically, this could cause the measured adduct level 
to change significantly on a daily basis, thus negating one off 
she benefits of hemoglobin dosimetry, that of providing an 
averaged adduct level over the lifetime of she hemoglobin. Two 
steps in the method appeared to eliminate this potential prob¬ 
lem. The use off toluene to help lyse She red Mood cells should 
extract any free amine, as the pH is above the pKa of these 
compounds, fa addition, the subsequent dialysis steps dilute to 
insignificant levels any free amine which was not extracted into 
the toluene. This was confirmed by sptldttg Wood samples with 
1 stg 4'-F-ABP before carrying out she rest of the procedure. 
The final chromatograms failed to show detectable levels off 
PFP-4'-F-ABP, indicating that the added free amine was re¬ 
moved prior to the hydrolysis and derivatization steps of the 
analytical procedure. 

The amount of henJOglobm in 10-ml bEood samples from 
various human subjects may vary by as much as 20-30%, due 
to both the range of hematocrits sad recovery off hemoglobin 
s’a the analytical method. For this reason, another important 
consideration was whether the amount of hemoglobin in the 
sample affected the determination off the adduct level. This was 
studied by taking a sample of hemoglobin from a rat, and 
dividing it into two unequal amounts (0.44 and 0.73 g; see 
Table 2). The amount of 4-ASP released from these two sam¬ 
ples during hydrolysis was proport ton isl to the amount of hemo¬ 
globin in each. This was repeated with another rat hemoglobin 
sample, where the difference in hemoglobin was much greeter 
(®.I7 and 1.05 g). Again, the calculated adduct levels were the 
same for both aliquots. Thus, there did not appear to be a 
hemoglobin concentration effect in the analysis. 

Attempts to simplify the method, either by altering or omit¬ 
ting certain steps, or by using materials which have not been 
cleaned as described, have generally resulted in significantly 
poorer performance off the assay. A number of these changes, 
such as insufficiently drying the hexane or omitting the trimeth- 
ylantine catalyst, result tit a lower yield of the PPP-amines. The 
use of plastic or insufficiently dean materials (glassware and 
solvents) results in a targe background of interfering compounds 
in the fimal chromatogram. Although the use of Site antennal 
standard generally compensates for Sow yield, or high back¬ 
ground levels. She uncertainty is greater than with high yield 
and tow background. Recovery of internal standard is generally 
20-40%. 

AsSfecJ LawSs its Nowiswfwg soil SK-okrag Ssibjacfe. The 
distribution off 4-ABP-bemoglobin adduct levels in a population 
of smokers and saomsnsokers is shown in Fig, 3 in which the 
adduct levells in the samples ar® plotted mw the BBOiber of 
samples off the same adduct level (frequency). Samples front 
smokers had consistently higher adduct levels than the satrapies 


Table 2 Effect of hemoglobin concentration on quantification of adduct levels 



Hb analyzed 
(8) 

4*ABP measured 
<«E) 

Adduct level 
(ng 4-ABJ*/g Hb) 

Rat sample A 

0.44 

G.7$i 

a .73 


0.73 

1.27 

8.7<S 

Hat sample B 

0.17 

0,34 

2.00 


1.05 

2.231 

2.12 



Fis- 3. 4-ABP-hemoglobin adducl levels in smokers (solidbats) end nonsmoi- 
ers {shaded bats). 

from noasmokers. The mean adduct level of the smokers (154 
pg 4-ABP per g Mb) was about 5.5 times higher than the mean 
of the nonsmoking subjects (28 pg/g Hb). The difference be¬ 
tween means, with 95% confidence interval, was 3 26 ± 20 pg/ 
g Hb, s highly significant difference (P < .001), Single tfeter- 
initiations were done for 29 subjects, while she average of two 
or three determinations is reported for the remaining 16 sub¬ 
jects. 

Absolute verification off the identity of the compound which 
we are quantifying under GC-negative-ion chemical ionization 
mass spectrometry as 4-ABP is not possible due to the small 
amounts which are contained in human blood samples. There 
is mot enough, for example, to obtain a full mass spectrum 
under electron ionization mode. However, we have monitored! 
the molecular ion of the PFP-derivativcs of 4-ABP (m/z 315) 
and the tntenial standard f,-c-t /z 333) under electron ionisation 
mode, using two different capillary GC columns (carbowax and 
dimethyl silicone), 5n each case, the compound isolated frons 
human blood eluted at the retention tisme of geraussie PFP-ABP. 
The amount quantified under electron ionization mode agreed 
with the value obtained under oegative-lon chemical ionization 
mode. 

Preliminary results have also been obtained from a study to 
determine the effect of smoking cessation on the levels of 4- 
ABP-SwreiogHobiii adducts. In the five subjects tested thus far, 
the level of bound 4-ABP decreased dramatically during the 
first 6-8 weeks to levels seen in nonsmolcers (Fig. 4). The mean 
difference between the first and third samples, with 95% con¬ 
fidence interval, was 76 ±15 s>g/g Hb. This study, 5m which 
each subject serves as has or Iter own control, confirms that the 
observed higher adduct levels in smokers is the direct result of 
their cigarette smoking. 

©ESCUSSHON 

The presence of a detectable adduct level iij noustmokers 
suggests that there may be sources of human exposure to 4- 
ABP other than active cigarette smoking, such as passive smok¬ 
ing* dietary contamination, os' air pollution. As with most 
aromatic amines, the amount of 4-ABP ire the sidestream to¬ 
bacco smoke is much greater than that found in the mainstream 
smoke (146 versus 4.6 atg/esgarette) (1). This suggests tfoat at 
least some of the 4-ABP in moasiuokers may result from invol¬ 
untary imhatstiora off sidestream snraoke. Adduct levels of other 
aromatic amines found in tobacco smoke (aniline, the 3 toSui- 
dines, and 2-maphthylaraaime) have beestt analyzed by a slightly 
modified method (9). Sit most cases, these amines have been 
detected in the blood of noBSKiotcers as well as smokers. 
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Fig.*. Effect of stnofcing cessation oa 4-ABl?4temcelQbin adduct levels. Each 
symbol represents o different individual. 

There two kinds of dietary ecmiammation which might 
contribute to the 4-ABP levels of nonsitiokers. The first Es the 
cooking of meat, which is known to produce a iterate cl" 
heterocyclic aromatic amines (15). One of these compoands, 5- 
phcnyl-2*pyris8inaiBiine is sQructarsDy very similar to 4-ABP 
and has baera identified isj pheeiykilaniras pyrolysafes and broiled! 
sardines (IS, 57). 4-ABP has not been identified in any of these 
scairces to ®wr Jsroowledge, rear 5s it known whether the research¬ 
ers attempted to isolate this compound. If the technique of 
following the strongly mutagenic fractions was employed to 
isolate the amines, 4-ABP would probably be overlooked as is 
is comparatively less mutagen Sc thaai the heterocyclic amities. 
Trace amounts of 4-ABP have been dissected in three azo dyes, 
FB&C yellow sic. 6 (tartrararee), FD&C yellow no. 5 (sisnsst 
yellow), 6 and JD&C red $33 (18, 19*). Tairtessjae and sunset 
yellow are currently wed in a number of food, drug, and 
cosraffific products (20-22). Although the estimated intake of 
either of these dyes is too Bow to account directly for the 4-ABP 
levels ais nonsraokers, the possibility exists that' these dyes may 
court aim larger quantities of 4-ABP “subsidiary dyes” (IS), which 
would! release greater hibobbss of 4-A©i? during metabolism. 

A third possibility is that the 4-ABP in itomssssokers may 
origiueie from air pollution, either 4-amiiaoblpbeoyl itself or 4- 
nitrobi phenyl. The latter compound, when administered i.v. or 
i.g. to rats or dogs resffiSts la the formation of the same sulpham- 
araaitfe adducts as sees! when 4-AEP its administered, although 
the yields are some 20-40 times lower. Niaroarom sties Stave 
teem detected in a number of combustion products (23-25), 
with C-iMBP specifically Identified in extracts of carton black 
(26) and diesel particulate (27). Ira principle, k h possible that 
$ pevtion of the adducts observed In nonsmolting indwaduats 
may arise via esposere so 4-M3?, Other possibilities of coatawt- 
Saatios of food, air, and industrial products with 4-ASP exist, 
hci ers outside the scops of ffiw discussion. 

As discussed previously (8), the 4-ABP-Hb adducts aw he- 
Itevei- ! : z be fioraasd in vivo by a sequence of reactions which are 
shoe, r, hi .Tig. 5 ss neenj^i ‘is flp ilhw and Wood cosapast- 
meufis. ‘.n-«e :by dwtyiaaiiste, which ss formed! in the Jive? jisi a 
t#i&±njtze PTSffi jmediaMd oxidation, undergoes a subsequent 
cc< .Vs ••' h oxyhemoglobin, yielding W-iaitrosobapheByi 
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Fig. 5 . Proposed relationship between hemoglobin adducts and bladder epi- 
tbeliai cell adducts, Heavy arrows, transport between compartments. 


aad ntatfeemoglobin. This reaction sequence has toeia well 
characterized by KLiese and others (23, 29) with regard to the 
ability off aromatic amines tc induce metheEaogtobenemia. The 
ratrosoarefflecasti either be converted halt to the toydroxylamine 
(by diaphorase and the oeatose phosphate pathway, for exam¬ 
ple) and iaduce another round off msetfaenaaglobin formation, or 
it cam react with a nucleophile such as a cysteine residue cws 
hemoglobin to form sen adduct- The intermediate steps on wiv¬ 
ing the transport of the hydroxyfaraiirae from the liver to blood 
are discussed! in more detail below. 

Id is evident from the present study that cigarette smelting is 
highly correlated with an increased level of 4-AI3P-temiOgiobiK 
adducts. This difference between smokers and norasmokees is 
expected due to the fact that cigarette smoke contains signifi¬ 
cant amounts of 4-ABP (1). The observed distribution of adduct 
levels with is both groups, however indicates that the adduct 
level is subject to variability even among individuals of like 
smoking status. This may reflect differences in intake of 4- 
ABP, but may also reflect differences in erythrocyte dose from 
similar intakes. Undoubtedly differences in bramd of cigarette 
smoked, and in individual soaoldmg habits such as quantity 
stroked, frequency, and degree of inhalation of the smoke 
contribute tc variations in the amount of 4-ABP actually in¬ 
haled. 5a ‘Jse case of tionsmoiseus, speculation's is to differences 
in exposure are difficult since a definite source lies not been 
established. Bn both groups, there is .reason to expect variability 
due to the face that da® adduct level measured is a fisucilkm of 
the amount of JV-hydroxy famine which reaches the erythrocytes, 
and SEecs is dcpeaderal on like yield off (V-bydroxytantine. The 
yield of yV-hy&roxySamine to itte erytEirocytos is aflbeted ntot 
only by two key metabolic steps, but perhaps, also by the 
Htecbaitism of delivery of Gfoe feydroxylaaisiae to the blood. 

Current understanding of alls mechanism of bladder cancer 
iBdwctEom by arorenatac tuniinies ampiiicates (V-hydroxylalion by 
hepatic ey.'cdirortic P-450 as the first critical step (5,30). TFli® 
presence or aasewce of various 3B£itH:OT5 to fiSais eazyroe syslem 
5»ay imaroduce differemccs in the manner in which the grain® is 
metafeaiiaed. A large number of chemicals, bosSi syntlhejtc and 
siatucaEOy occmtsue, have feeea shown to induce tnoisooxygeffiase 
activity (31). In irartseuSar, cigaretie sniotiing has beers shewn 
to Itave a sttKiiitetory effect offi a number of ensytwe activities, 
la many cases, the imSncm are specific for certain forms off the 
cytochKEEBe P-450, which may rest* in a wade variafioit i* ths 
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P-4S0 profiles within individuals of a certain population. A 
higher Jevei of C-hydsnoxytatioR. for example, which is thought 
So be a detoxifying process, coald result in decreased fouroasion 
of the critical W-liydroxy lamina. 

Likewisa. an intimduaTs capacity for /V-acetylation is also 
expected to alter the amount of free JV-hydroxylstniise available 
for subsequent: transport to the erythrocyte. In humans, there 
appears to be an “acetylator polymorphism” in which there are 
at least two phenotypes, “slow” and “fast,” referring to the 
relative ability to JV-acetySate aromatic amiises (32). W-Acety¬ 
lation appears to fee necessary for the induciion of tumors of 
the liver, mammary' gland, and intestine (33, 34). St has been 
speculated that those individuals whoi are fast acelylators might 
be at increased risk for tumors at these sites, while slow acety- 
Sators might fee at Increased risk for Madder tumors (33). 
Consistent with the latter hypothesis is site evidence from 
several studies (35-37) which revealed an excess of slow aceiy- 
lators among bladder cancer patients, as compared to control. 

These variables could result to: a situation in which the dose 
so the erythrocytes would tee different in two Individuals, even 
if the actual intake or exposure is the same. This obviously 
presents difficulties if one seeks to use the adduct levels or 
erythrocyte dose ss a mesas of estimating the amount of 4- 
ABP to which an individual is exposed. A calculation of this 
son must assume that a certain ratafee of 4-ABP will result in 
a defined percentage of the dose resisting with hemoglobin to 
form sulphinasiide adducts, and will not vary amosg individ¬ 
uals. Such a calculation may be useful, however to estimate the 
range of exposures withies a centals group of subjects as we have 
done (38). 

Bladder cancer induction by aromatic amines such as 4-ABP 
Is believed to occur by reaction of free iY-hydroxyEatnme with 
ONA in the target cells of the bladder. Since oxidations of the 
amine to the hydroxylamins occurs its the liver, some form of 
transport is necessary to deliver this proximate carcinogen to 
the bladder epithelium. One mechanism is simply the export of 
free tiydroxylainiiie from the lives 1 into the blood. Normal 
circulation would fen carry the hydroxytamine to the target 
tissue, assuming its lifetime in blood is sufficiently long. Studies 
on the oxidation of aniline in the isolated perfused rat liver (39) 
suggest that this is aot a® important pathway. On the other 
band, this may be a mechanism whereby the bydroxylatnine 
reaches the erythrocytes to Form the hemoglobin adduct, as 
illustrated in Fig. S. 

The most likely snachEsiistn for exposure of the bladder 
epithelium is also illustrated in Fig. 5 and involves transport of 
the A r -gIuairortIdc of the Ssydrosylaneiae to the Madder luiaen 
and subsequent hydrolysis catalyzed by the low pH of urine. It 
has bees demonstrated that the bladder is permeable to aro¬ 
matic hydroxytamines e«c! that when introduced into the lumen, 
the hydroxyiamines arc readily absorbed and enter ".he blood¬ 
stream (40). This pathway could films be a route whereby the 
tuyttasytarae reaches the erythrocyte to form the tennogiobin 
adduct. In this latter transport mechanism, it is expected that 
she concentration! of hydsfoxylanitne to the blood, and conse¬ 
quently, the amount of hemoglobin adduct, would be propor¬ 
tional! to She dose of hydroitylantine to the DMA of tine bladder 
€pitteiial«6lS. 

The relative importancs of the wo pathways for transport of 
die Diydroxylamine to the erythrocyte will determine how useful 
the Siestsoglobi® adducts are in estimating exposure of the target 
iiss&e. Although prosontfoasllty between hemoglobin binding 
a ad IONA bonding has already basts established for another 
sarowiatic amise, Ssms-4-dimethylrmtoostifene (41,42), exper¬ 


iments to site the same for 4-ABP have not been completed. 

Bra conclusion. wc have developed a method for the quantita¬ 
tive deternoiaation of 4-ABP adducts iti futman hemoglobin, 
Titus far, all individuals examined have some level of adduct, 
but it is significantly higher in cigarette smokers them ira non- 
smokers. Levels in quilling smokers decline tc those iss non- 
smokers. To our knowledge this is the first report of 4-ABP 
adducts tn human blood. It appears likely that the erythrocyte 
dose, as measured by our procedure, will be a useful parameter 
in estimating exposure so one of ilie proximate carcinogenic 
forms of 4-ABP. 
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